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bstract
Nile valley quaternary aquifer is in direct hydraulic interaction with Nile River, canals and drains. Therefore, implementation of
ew Esna barrage leads to enhancement of seepage flow from Nile River toward adjacent agricultural lands, impedance of drainage
onditions and increase in the shallow groundwater levels beneath buildings in urban areas. Therefore, Esna city was selected as the
tudy area to assess the impact of the barrage effect on groundwater aquifer and to propose mitigation measures. The most powerful
ethod for studying the problem is developing a groundwater model based on monitored groundwater levels and simulating the
ffect of the proposed measures. Results indicated that Nile River in reaches upstream the barrage feeds the aquifer. Then, a model
s used to test the effect of the mitigation measures on the surrounding settlements. Results also indicated that using cut off drains
ith depth of 2.5 m is the most effective and safe solution, in terms of direct impact on the buildings without need for operation cost
 only maintenance cost will be needed. Also, implementing a sewage network in the city as a long-term solution is recommended.
 2014 National Water Research Center. Production and hosting by Elsevier B.V. All rights reserved.
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.  Introduction
Since the beginning of the 20th century, a number of regulating structures have been constructed to control the
ile River water. There are four main barrages – Esna, Nag-Hamada, Assiut, and Delta – which control the flow and
ivert water into the main irrigation canals without lifting pump stations (Abdel-Dayem et al., 2007). Ministry of Water
esources and Irrigation (MWRI) decided to replace the existing old barrages along the Nile River by new ones. The
eplacement plan started with the construction of new Esna barrage. The first Esna barrage was completed in 1908 as
ne of the main control actions for regulating Nile water. Due to the deterioration conditions of the Esna barrage and
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Fig. 1. General location map for the study.the necessity to improve navigation between Esna and Aswan, the old structure was replaced by the new Esna barrage
(Abu–Zeid, 1995). Esna barrage was replaced by a new one in 1995 and has been equipped with a hydropower station.
It was replaced to improve the performance and to meet the different water needs (El Gamal et al., 2007). The new
Esna barrage was constructed on the Nile River in Esna, 90 km upstream Luxor city. The Barrage upstream water level
has been maintained at a level of 79 m (+msl) throughout the year and it supplies the aquifer with water from the Nile.
As the river is in hydraulic continuity with the underlying quaternary aquifer system, these changes in the river
water level directly affect groundwater levels. Backwater analysis showed that the effect of changes extends upstream
of the barrage. There is however also an indirect impact of river level variations, on groundwater levels. This led to
increase in the groundwater levels, impedance of drainage in the impacted areas and increase of groundwater beneath
buildings in the urban areas (Dawoud et al., 2006).
Esna city is located upstream Esna barrage and south new Esna barrage. Nile water level upstream the barrage is
constant all over the year. Esna city was affected by seepage from Nile. In addition there are residential areas supplied
with drinking water networks without sewerage networks. Use of non-lining septic tanks produces large quantities of
seepage water, increasing the water level. Esna city, in Upper Egypt, was selected as a study area because it suffers
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ncrease of shallow groundwater levels after rehabilitation of Esna barrage as shown in Fig. 1. This paper describes the
ydrogeological setting, and the resulted negative impacts on groundwater levels in the urban areas.
The objective of this paper is to identify sources of groundwater rise in Esna city and to propose mitigation measures
or reducing and solving this problem. Numerical simulation techniques of the aquifer systems are important tools. They
rovide evaluation and proper management polices of groundwater aquifer. Three-dimensional, numerical simulation
f the hydrogeological condition of the aquifer system in Esna city was developed, to assess the impact of the new
sna barrage on the groundwater in the urban areas, followed by prediction to evaluate the effect of different mitigation
easures for lowering shallow groundwater levels.
.  Methodology
To satisfy the research objectives, the following steps have been followed:
 Review of the hydrogeological conditions and assessment of the existing wells.
 Collection of data concerning the water level and water quality.
For accurate identification of the problem, field work was carried out in the study area as follows:
 Seepage water depth, from the earth surface, was measured in 62 pits implemented with average depth of about 2 m
and distributed across Esna city.
 The permeability coefficient for the surface layer was measured in 22 pits by infiltration test.
 Fluctuation and relation between shallow groundwater table and groundwater levels were studied utilizing monitoring
network consisting of 32 shallow and 7 deep observation wells implemented upstream and downstream of the barrage.
Monitoring period was from 2009 to 2010.
 Water samples were collected to determine the origin and the source of seepage water. Three water sample groups
were collected and analyzed. The first group is from pits and the other two groups are from monitoring network and
surface water systems.
 Groundwater level hydrographs were analyzed to investigate its fluctuation upstream and downstream Esna barrage.
 Groundwater flow in the aquifer system in the study area was numerically simulated.
 Alternative mitigation measures were proposed. Calibrated model was used to test and predict its effect on lowering
groundwater levels in urban areas.
 Results of testing mitigation measures were evaluated to choose the most effective one to be implemented.
.1.  Description  of  study  area
The area considered, in this study, is Esna city which lies in Upper Egypt. Most of the city is a residential area,
hile agricultural areas are confining it from west and north. Esna city is located in a depression with respect to the
urrounding areas. There is a change in ground surface elevations from south to north and from west to east as shown
n Fig. 1. Ground surface levels range between 76.5 and 83 m (asl).
The aquifer comprises highly permeable sand and gravel with variable thickness. The thickness in the central part of
he valley is about 250 m and it reduces to less than 40 m near the valley edges (RIGW, 1994). In most of the valley, the
quifer is overlain by a semi-confining layer consisting of clay and silt with maximum thickness of about 15 m near the
iver and vanishes toward the valley edges. Recharge of groundwater is largely derived from irrigation water. Recharge
omponents include the deep percolation of irrigation surplus and seepage losses from irrigation canals (RIGW, 2001).
he groundwater table is, generally, close to the ground surface due to the extensive application of irrigation water.
.  Problem  identiﬁcationShallow groundwater is groundwater that is close enough to the ground surface where water table is within 6 m from
he ground surface, at any time during the year (Hassan, 2006). Based on the field works and the periodic observation of
onitoring network every week, a map of shallow groundwater depth (from the ground surface) was drawn as shown
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Fig. 2. Depth to shallow groundwater before and after Esna barrage rehabilitation.in Fig. 2. From this map, shallow groundwater depth ranged between 0.07 and >2 m which give a clear identification of
the affected areas. El-Mansheya Ezbet Sakr water table depth is less than 0.5 m. In the areas north and east of the study
area, water table depth ranged from 1.5 to 2 m from the ground surface. It is shown that water levels were increasing
upstream the barrage and decreasing downstream the barrage.
According to the differences between shallow groundwater table and groundwater level, the study area can be
divided into two regions. First  region:  This region is characterized by intensive residential areas and sanitary drainage
by septic tanks. Recorded groundwater levels indicated shallow groundwater table near groundwater levels. This
indicates saturation of the surface layer and lack of natural drainage as a result of the limited difference between
piezometric level in the reservoir and the shallow groundwater table. These areas are El-Rahma, Nag Al-Twayea
and old Esna. Second  region:  This region is located downstream the barrage. Recorded groundwater levels indicated
that there is difference between shallow groundwater table and groundwater levels. This indicates unsaturation of the
surface layer and presence of natural drainage. It includes New Esna, Nag Abu Hmeid and El-Khazan areas.
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Results of chemical analyses of water samples collected from the observation wells indicated that the source of
ater seepage is surface water mixed with sewage water leaked from septic tanks prevailing in the region. The sources
f water seepage in the study area are as follows:
 In Nag Abu Hamid and new Esna areas, seepage water is a mixture of different sources from Nile water, irrigation
and sewage drainage in addition to groundwater.
 Ezbet Al-Khazan area is fed by freshwater from Nile and excess irrigation water in addition to wastewater.
 Old Esna and Al-Gawaidh areas have saline water sources as a result of soluble salts from the soil mixing with
sewage water due to the groundwater movement from long distances.
 Al-Mansheya, Nag Al-Twaia and Al-Rahma areas where water is mainly originating from agricultural drainage
water and excess irrigation water in addition to sewage water.
.  Simulation  of  aquifer  system
To fulfill the aim of the research, it is essential to understand the aquifer system and predict the future response
f the aquifer system under the effect of the proposed scenarios. This can be achieved through numerical simulation.
he model was developed to assess the impact of rehabilited barrage on groundwater level changes in the urban areas.
he model extends beyond the study area to minimize the impact of uncertainty in subsurface boundary inflows and
utflows in the area of main interest. Visual MODFLOW 4.2 program is based on the finite difference technique was
sed to simulate the hydro-geological condition of the aquifer system in Esna city. A grid consisting of 275 rows and
25 columns was generated within the modeled area of about 13.75 km2. The model comprises two layers representing
he aquifer system. The top layer represents the upper clay semi-confining layer which overlies the main aquifer.
he second one represents the main aquifer in which horizontal flow is simulated and groundwater abstraction takes
lace.
.1.  Model  extension  and  boundary  conditions
Every model requires boundary conditions to represent the system’s relationship with the surrounding systems.
he River boundary condition is used to simulate the influence of a surface water body on the groundwater flow.
urface water bodies such as rivers may either contribute water to the groundwater system, or act as groundwater
ischarge zones, depending on the hydraulic gradient between the surface water body and the groundwater sys-
em. River Nile forms a naturally controlled head boundary to the aquifer system, and it is conceivable that the
ther main canals also act as a controlled head boundary (Dawoud and Ismail, 2013). The northern and south-
rn boundaries have been simulated as fixed head boundary. The western boundary was Al Ramady canal and the
astern one was along the Nile River. The western and eastern boundaries have been simulated as specified head
oundaries.
Simulation process requires identification of hydraulic parameters of aquitard layers. The semi-confining layer has
 vertical hydraulic conductivity which ranged between about 0.1 and 0.2 m/day. The vertical hydraulic conductivity
f the quaternary aquifer ranged from about 40 to 60 m/day. The specific storage of the quaternary aquifer is about
 ×  10−7. The specific yield of the upper part of the quaternary aquifer ranged from 0.10 to 0.20 (RIGW, 2001). The
alibration process was done through several trials by adjusting the hydraulic conductivity of aquifer and recharge rate
ill good match between observed and calculated heads was achieved. The model was calibrated and adjusted against
he piezometric heads in the study area using observation wells. Also, the simulated groundwater levels indicate
easonable agreement with the piezometric pattern as shown in Fig. 3..  Proposed  mitigation  measures
To mitigate the effect of the increasing shallow groundwater after the rehabilitation of the barrage in the urban area
upstream of Esna barrage), alternative mitigation measures were proposed. The shallow groundwater levels in the first
egion need to be lowered by 1.5 m to decrease the level below the water table in the aquifer.
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A long-term solution is the construction of a sewage network in residential areas to collect leaching from residential
areas. It will help to prevent a large part of the problem.
A short-term local solution is pumping well fields which help in vertical drainage. It is proposed to construct 20
wells distributed in the affected areas where shallow groundwater depth is less than 1.5 m. Another short-term local
solution is the construction of cutting tile drains to collect water.
5.1.  Evaluation  of  proposed  measuresThe calibrated model was used to evaluate the proposed short-term local solution. In the short-term local solution
by using pumping well fields, 20 wells distributed in the affected areas were proposed to be constructed. Two pumping
rates were tested. The first one was 30 m3/h and the second one 40 m3/s. The results indicated that the minimum depth to
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Fig. 4. (a) Drawdown after operating the well field with pumping rate 30 m3/h (b) Drawdown after operating the well field with pumping rate
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hallow groundwater table will reach about 1 m and the maximum depth will reach about 2 m. The difference between
wo rates is limited around the proposed wells in the affected areas as shown in Fig. 4.
In the second short-term local solution by using cutting tile drains, three different drain depth and permeability
oefficient for gravel filter were tested. In the first the drain depth was 2.0 m and the permeability coefficient for gravel
lter was 50 m/day. The results indicated that the minimum depth to shallow groundwater table will reach about 0.75 m
nd the maximum depth will reach about 4.75 m as shown in Fig. 5a. In the second the drain depth was 2.50 m and
he permeability coefficient for gravel filter was 50 m/day. The results indicated that the minimum depth to shallow
roundwater table will reach about 1 m and the maximum depth will reach about 5.5 m as shown in Fig. 5b. In the third
he drain depth was 2.5 m and the permeability coefficient for gravel filter was 70 m/day. The results indicated that theinimum depth to shallow groundwater table will reach about 1 m and the maximum depth will reach about 6 m as
hown in Fig. 5c.
72 Z. El-Fakharany, A. Fekry / Water Science 28 (2014) 65–73Fig. 5. (a) Drawdown after operation of cutoff drains with depth 2 0 m and Kgravel filter 50 m/day. (b) Drawdown after operation of cutoff drains with
depth 2.5 m and Kgravel filter 50 m/day. (c) Drawdown after operation of cutoff drains with depth 2 5 m and Kgravel filter 70 m/day.
6.  Conclusion  and  recommendationFrom the above-mentioned activities and assessment, the following can be concluded:
Esna city was located in low lying land with respect to the surrounding areas, and land use activities were related
to residential area while agricultural areas are restricted from west and north of the city. Rising groundwater table is a
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onsequence of (1) rehabilitation of Esna barrage which provided water for agriculture almost all over the year due to
he direct hydraulic connection between the Nile River and the quaternary system in the Nile Valley, and (2) leakage
rom sewage system (if it exists).
According to the difference between shallow groundwater table and groundwater levels the Nile River in the reaches
pstream of the barrage recharge the aquifer, the study area can be divided into two regions. First region includes the
orst areas located upstream Esna barrage as a result of lack of natural drainage while the second region includes the
owest affected areas located downstream of the barrage due to the potentiality of natural drainage.
An essential and long-term solution is the construction of sewage network in residential areas. It is considered as
ecessary solution, which must be urgently implemented as quickly as possible in the presence of short-term local
olutions.
Results of numerical simulation indicated that the drawdown of the proposed solutions is approximately equal.
he minimum depth to shallow groundwater table reaches about 1.0 m and the maximum one reaches about 5.94 m.
itigation measures using wells have a quick impact, with the need to monitor its impact on surrounding buildings.
his will require operation and annual maintenance costs compared with cutting drains. The pumped water can be used
or agricultural development in the desert fringes of Esna city or the nearby desert villages. The mitigation measures
sing cutting drains at depth of 2.0 m is best suited for the study area where it is heavily populated and it is safer in
erms of a direct impact on the buildings and also does not need operation cost but requires maintenance cost.
From the above-mentioned results and conclusions, it is recommended to take the necessary action for the imple-
entation of sewage network in order to control this phenomenon and pollution groundwater quality. Monitoring of the
hallow groundwater table and groundwater levels in the city must continue to evaluate the progress and effectiveness
f the implemented solution.
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